ABSTRACT. Transmembrane recordings and surface electrograms were used to evaluate the influence of propafenone on the cellular electrophysiology of isolated neonatal and adult rabbit atrioventricular node (AVN) preparations.
M significantly increased the automatic interval of neonatal pacemakers but not that of the adult preparations. These changes in automaticity produced by propafenone were not dependent on the adrenergic receptor-blocking action of the drug. The pacemaker escape time after overdrive pacing was also shorter in the neonate than in the adult. Propafenone prolonged the escape time of the neonatal tissues but not those of the adult. AVN refractory period, A-H interval, and antegrade Wenckebach rate were comparably increased in a concentration-dependent manner in both age groups. The maximum diastolic potential was decreased by propafenone in the neonatal atrionodal tissue but not in other regions of the AVN and not in any region of the adult AVN. Action-potential duration was increased in all regions of the AVN in both age groups. Actionpotential amplitude and maximum upstroke velocity were decreased by propafenone in both age groups. Unlike other excitable tissues of the heart, the action-potential duration of AVN nodal cells increased with decreasing pacing intervals as the pacing interval approached the Wenckebach interval. This increase in action-potential duration was enhanced by propafenone and may be a major factor in the drug-dependent increase in the Wenckebach interval. These results may provide a partial explanation for the putative efficacy of propafenone in the treatment of junctional ectopic tachycardia in children. (Pediatr Res 32: 658-663,1992) Abbreviations AN, atrionodal AP-Amp, action-potential amplitude APDSO, action-potential duration at 50% repolarization APD9,,, action-potential duration at 90% repolarization AV, atrioventricular AVN, atrioventricular node HEG, His electrogram HNH, high nodo-His MDP, maximum diastolic potential N, nodal V, , , , maximum action potential upstroke velocity Propafenone is a relatively new and unique antiarrhythmic agent that has been shown to be effective in treating a wide variety of rhythm disturbances, including supraventricular tachycardias (1, 2) and Wolff-Parkinson-White syndrome (3) , in adults. In children and infants, propafenone has been shown to be uniquely effective in treating junctional automatic tachycardia (4) and reentrant supraventricular tachycardia (5) .
The mode of action of propafenone is unclear. This may be due in part to the drug's multiple electrophysiologic actions. Propafenone has been categorized as a class lc agent because it decreases action-potential upstroke velocity and has a variable, dose-dependent effect on repolarization (6, 7) . Propafenone is a strong sodium channel blocker (8) with use dependence (7) and, additionally, is a weak P-adrenergic receptor and calcium channel blocker (9) . These latter two properties may be unimportant for most arrhythmias in adults, but in children they may be important. It has been shown in many experiments that the response to 0-adrenergic blockers and P-adrenergic agonists is different in the immature heart when compared with adults (10) (11) (12) (13) (14) . There is also evidence that the immature myocardium is more sensitive to the influence of calcium channel blockers than is adult tissue (15) .
There is limited information about the electrophysiologic effects of propafenone on the AVN. Keller et al. (1 6) observed that AV conduction times in patients were increased by propafenone and that the increases correlated well with propafenone serum concentrations. Villafane et al. (17) found that the AV nodal functions of the intact newborn dog were depressed by propafenone as indicated by decreased pacing rates at which AV block occurred, increased refractory periods, and longer AV conduction times. Unfortunately, no parallel experiments with adult animals were done. The purpose of these experiments was as follows: I ) to describe the cellular electrophysiologic effects of propafenone on the upper AV nodal (AN region), and midnodal fibers (N and HNH regions) of both the neonate and the adult rabbits; and 2) to determine the effects of propafenone on the functional properties of the AVN (automaticity, conduction time, refractory period, and antegrade Wenckebach interval) in the rabbit AVN in both age groups.
MATERIALS AND METHODS
Adult New Zealand White rabbits (approximately 2 kg in weight) were anesthetized with 60 mg/kg sodium pentobarbital by i.v. injection via the marginal ear vein. Neonates (animals (10 d of age) were anesthetized via an intraperitoneal injection. The hearts were removed by midsternal thoracotomy and placed in cold Krebs buffer for dissection. The ventricle, below the AV ring, was removed and the right atrium was opened by making an incision through the AV ring and along the anterioseptal margin of the atrial wall and the superior vena cava. A pair of fine iris scissors were used to trim away excess atrial and ventricular myocardium from the AVN. The preparation was then placed, endocardia1 side up, in a small Lucite superfusion bath. Krebs solution (having the following composition in mM: NaC1, 126.5; NaHC03, 14.5; MgS04, 1.2; KC1, 2.6; KH2P04, 1.2. CaC12, 2.7; and glucose, 16) was saturated with 95% O2 and 5% COz and warmed to 37 _+ 0.2"C. This solution superfused the tissue at a flow rate of 12 mL/min. Bipolar silver wire electrodes were constructed from 34-gauge, Teflon-coated silver wire (Cooner Wire Co., Chatsworth, CA) having a nominal diameter of 0.152 mm. The two wires were tightly twisted together so that the interelectrode distance was less than 0.5 mm. Bipolar Tefloncoated silver wire electrodes were placed on the medial aspect of the coronary os for recording the atrial electrogram and on the lower portion of the node, immediately before it penetrated the fibrous ring, for recording the HEG.
Glass capillary microelectrodes, filled with 3 M KC1 and having tip resistances of 15 to 25 megohms, were used to record transmission action potentials from the AVN. The microelectrode was attached to the headstage of a negative capacitance electrometer (KS-700, World Precision Instruments, Inc., New Haven, CT) through an Ag-AgC1 half-cell. An Ag-AgC1 half-cell reference electrode was placed in the outflow path of the tissue chamber. The stimulus pulses were provided by a stimulus isolation unit (30 1, World Precision Instruments), which was driven at appropriate intervals by a custom-built microprocessorbased pulse generator. The stimuli were 1 to 2 ms in duration and the intensity was adjusted to 2 x threshold. The amplified transmembrane signal was monitored on an oscilloscope, and selected data were digitized at 2 kHz and stored on a microcomputer hard disk. The action-potential records were analyzed using a computer program that determined the activation voltage, peak overshoot, and MDP. The program then calculated the total APAmp, V,,,, and the APD50 and APD90. V,,, was calculated using a first-difference approximation of the first time differential (1 8).
The preparations were allowed to recover for 1 h in the tissue bath before data were recorded. The criteria for an acceptable preparation was an A-H interval of less than 75 ms (in both age groups) and minimum Wenckebach intervals of less than 350 ms in both age groups. The basal automatic cycle interval of the subsidiary pacemaker site in the AVN preparation was measured more than 2 min after cessation of pacing. Ten to 15 spontaneous action potentials were used to derive an average. The escape time was measured by pacing the preparation at a basic cycle length of 400 ms for 1 min. Then the stimulus was turned off and the time interval between the last stimulated beat and the first escape beat was measured.
Action-potential characteristics and refractory periods were measured at a basic cycle length of 600 ms. The refractory period was determined by injecting an S2 stimulus after every 10th SI response. The SI-S2 interval was decremented form 350 ms in 10-ms steps until the S2 conduction time became visibly prolonged, and then decremental steps were reduced to 5 ms. The effective refractory period was defined as the minimum SI-S2 interval that was conducted through the AVN. The Wenckebach interval was determined by decrementing the pacing interval of a I-min pulse train by 10 ms. The Wenckebach interval was verified by three separate measurements for each data point.
In the first eight experiments in each age group, after control measurements were made, the tissue was serially superfused with propafenone in concentrations of 1 x lo-', 1 x 1 0-7, 1 x 5 x lo-', and 1 x M for 40 min at each concentration. One additional step was added to these initial experiments. In three experiments in both age groups, after control measurements, Krebs containing 1 x M atenolol was superfused 30 min before propafenone and along with propafenone at each concentration.
It was clear from changes seen in the functional characteristics and in the action potentials in these initial experiments that in both age groups significant drug effect was first present at a concentration of 5 x M. However, at this drug concentration, most preparations remained sufficiently excitable to allow pacing at 400-ms intervals or less. Therefore, in a second series of experiments, concentrations of 0 (control) and 5 x M propafenone were used.
Statistical methods. A two-way analysis of variance (BMDP, Los Angeles, CA) was used to determine whether there were significant differences between age groups. Differences between means were determined using a weighted t test for separate variances and by applying Bonferroni's criteria for significance (19) . All data are presented in text, tables, and figures as mean _+ SEM. A confidence interval of 95% was considered significant.
RESULTS
The three regions of the AVN that were studied in these experiments have been described previously, and these designations are based on the occurrence of the action-potential upstroke in the A-H interval (20) . These are the AN, N, and HNH regions.
The P-adrenergic blocker atenolol produced no changes in either action-potential characteristics or functional parameters of the AVN in any of the experiments in which it was used. In addition, the effects of propafenone alone were indistinguishable from the effects of propafenone in conjunction with atenolol in all experiments (data not shown).
Drug-inducedchanges in A VN action potential. Two recordings of the type used in these experiments were superimposed in Figure 1 to demonstrate the effect of propafenone (5 x M) on the AVN electrophysiology. The transmembrane recordings were made through a microelectrode inserted into the N region of an adult preparation. In other experiments, transmembrane recordings were made in the AN and HNH regions of both adult and neonatal AVN preparations. Two recordings, before and after drug, are aligned at the stimulus artifact ( Figure 1 , outlined arrow) to show that propafenone increases the conduction time AEG uniformly across the AVN. As was typical for these experiments, the amplitude of the atrial electrogram and to a lesser extent the HEG amplitude were decreased by propafenone. The deflections preceding the His spike in the HEG recordings (black arrow) represent electrotonic activity from the atrial or AN tissue adjacent to the His bundle. Propafenone had no effect on either APAmp or V,,, in the N cell action potentials of either age group. This is illustrated in Figure 1 . In these recordings, V,,, was unchanged by exposure to propafenone (4.7 V/s before drug and 5.3 V/s after drug).
In Figures 2 and 3 , the action-potential upstrokes, before and after drug, were approximated to show the effects of propafenone on the action-potential characteristics. The electrograms have been omitted for clarity. Control action-potential characteristics were the same between the age groups in all three AVN regions studied. Propafenone (5 x low6 M) decreased MDP in the neonatal AN region but not in the adult. This was the only agerelated difference in the effect of propafenone on action potentials.
The effect of propafenone on the time course of repolarization was consistently increased in all regions of the AVN studied in both age groups (Figs. 1-3 ). These differences were found to be statistically significant in the AN, N, and HNH regions of both groups except APDsO of neonatal N cells (Table 1) .
AN cell AP-Amp was significantly reduced in both age groups by propafenone, as was V, , , (Table 1 ). Propafenone may significantly reduce the AP-Amp and the upstroke velocity in some but not all HNH cells. As shown in Figure 3 (panel A ) , the AP-Amp of this neonatal HNH cell action potential was unaffected by propafenone; in addition, V, , , was unchanged or slightly increased from 9.5 V/s during control measurements to 13 V/s after drug. APD90 was increased from 74 to 107 ms by the drug in the experiment. AP-Amp in the adult HNH action potential (shown in panel B) was decreased as was V, , , from 18.6 to 7:l V/s by propafenone. The average percentage of reduction in V, , , of the adult HNH action potentials produced by the drug was over 50% (Table 1) ; however, the high degree of variability in the control values and the response to drug may have prevented statistical significance from being reached. APDgO was increased by propafenone from 109 to 133 ms in this adult HNH cell.
Rate-dependent effects on N cell action-potential duration. A characteristic of the N cell action potential that distinguishes it from other excitable tissue of the heart was the tendency for action-potential duration to increase rather than decrease as the pacing rate was increased. The increase in action-potential duration is particularly marked as the pacing interval approached the Wenckebach interval. Data from two experiments, one from each age group, are shown in Figure 4 . The action-potential duration increased sharply at the fastest pacing rates to APD9~ values of 150 to 160 ms. Before drug administration, there was little rate-dependent increase in action-potential duration at pacing cycle lengths of 400 ms and greater. Propafenone increased the APDgo from control values at all pacing cycle lengths. In addition, the rate-dependence of APD90 at pacing cycle lengths greater than 400 ms was evident. Propafenone increased the maximal APDgo value when compared with the control.
Effects ofpropafenone on functional aspects ofA VN. Functional characteristics are defined as automaticity, escape time, Wenckebach interval, refractory period, and conduction time (A-H interval). As we have previously shown (20) , the control automatic interval is less in the neonatal rabbit AVN than it is in the (5) 6 7 P a c i n g I n t e r v a l (ms) Fig. 4 . Propafenone enhances rate-dependent increases in N cell action-potential duration during rapid pacing. adult rabbit AVN (Table 2 ). In general, the pacemaker site is more atrial in the neonatal preparations than in the adults (20) . In two of 14 adult preparations, spontaneous activity occurred first in the atrial electrogram, indicating a pacemaker site superior to the AVN. Pacemaker activity resided in the lower portion of the AVN in the other 12 adult preparations. Spontaneous activity originated above the N region in 1 1 of 15 neonatal preparations and in the lower or middle node in the remaining four preparations. As shown in Figure 5 , the pre-drug (control) automatic interval in the neonatal preparations was significantly shorter than that in the adults. The neonatal automatic interval was significantly increased by 5 x M propafenone. The adult AVN pacemaker was not affected at any concentration of propafenone. Automaticity was present in all preparations studied in both age groups. In three of 18 neonatal studies and one of 15 adult preparations, no overdrive suppression was observed.
(Overdrive suppression is defined as having an escape time of at least three times the steady-state automatic interval.) The absence of overdrive suppression was interpreted to mean that pacemakers of these preparations were different from the other preparations and were excluded from the analysis of automaticity pr escape time. The average automatic interval of these nonoverdriveable pacemakers in the neonate was 940 + 232 ms, which was similar to the average automatic interval of the other preparations (Table 2) . In all four preparations that failed to show overdrive suppression, the automatic interval after exposure to 5 x lo-' M propafenone was less than or unchanged from control. The escape time of the neonatal pacemaker was significantly less than that of the adult (Table 2) . After exposure to 5 x M propafenone, the neonatal pacemaker escape time was increased, whereas the adult pacemaker escape time was unchanged.
Control refractory periods were the same in both adult and neonatal preparations and both were significantly increased at a propafenone concentration of 5 x M (Table 2 ) but not at lower concentrations. The control antegrade Wenckebach interval was significantly greater in the neonatal group when compared with the adults. The effect of propafenone on the Wenckebach interval was similar in both age groups. As shown in Table  2 , there was a gradual increase in the Wenckebach interval, which reached significance at a concentration of 5 x M in both age groups. The control conduction time (A-H interval) was not different between age groups. As in the Wenckebach interval and the refractory period parameters, propafenone gradually increased A-H interval, reaching statistical significance at the same concentration of 5 x M ( Table 2) .
DISCUSSION
The AVN is a complex structure with heterogeneous electrophysiologic characteristics, as is indicated by the high degree of variability in action-potential shapes in various regions of the AVN (2 1, 22 ). These differences in action-potential shape must reflect differences in membrane currents, which in turn are likely t o result in different responses to antiarrhythmic drugs.
We have recently shown that there are not marked differences between the action potentials of individual regions of adult and neonatal rabbit AVN preparations (20) . However, neonatal cardiac Purkinje fibers have been found to be affected differently by antiarrhythmic drugs when compared with adult tissues (23) (24) (25) (26) (27) (28) . For this reason, we hypothesized that action potentials from one or more regions of the neonatal AVN would respond differently to an antiarrhythmic drug than would their adult counterparts. For the most part, tin the case of propafenone, that has not been found to be the case. The reduction of the MDP in the neonatal, but not in the adult, AN action potential was the only developmental difference seen in the effects of propafenone on the AVN action potentials.
The increase in action-potential durations found in all three regions and in both age groups were comparable to the concentration-dependent increase in action-potential duration produced by propafenone in most regions of the rabbit heart (6). Dukes and Vaughan-Williams (6) reported that propafenone decreased AP-Amp and V,,, in the sinus node, which has a low MDP and a very slow upstroke velocity much like the N cell action potential. The absence of any effect of propafenone on N cell action potentials show that there are significant electrophysiologic differences between N cell and sinus node action potentials. If it is assumed that propafenone primarily reduces the fast sodium current, these results suggest that there is significantly less fast sodium current in the N cell action-potential upstroke than in the sinus node potential. This idea is supported by Kreitner (29) , who found that tetrodotoxin decreased sinus node action-potential upstroke velocity, and Zipes and Mendez (30) , who showed that the fast sodium current blocker, tetrodotoxin, produced no change in N cell action potential.
From a clinical point of view, the most important result of these studies may be that propafenone suppressed steady-state automaticity and escape time in the neonatal AVN. Propafenone had no effect on either automaticity or escape time in the adult AVN. The finding that automaticity is suppressed by propafenone in the neonate may appear at odds with our other finding that maximum diastolic potential is also reduced by propafenone in the AN region in the neonate. We have found that the pacemaker site in the neonatal preparations are above (on the atrial side) of the N region of the AVN. If the pacemaker site were in the AN region of these preparations, the depolarizing effect of propafenone would be expected to enhance rather than suppress automaticity. In the absence of reliable data on the precise origin of pacemaker activity, we can only speculate that the pacemaker site is not typically in the AV region of these preparations.
Age-related differences in rate of automaticity and the influence of propafenone on pacemaker activity imply that there is a developmental change in the pacemaker currents. These agerelated effects of propafenone on automaticity are similar in two respects to a recent study from our lab. We found that bariuminduced abnormal automaticity in neonatal canine Purkinje fibers was more sensitive to the suppressive effect of propafenone than was abnormal automaticity in the adult preparations (3 1).
Another parallel between these two studies is that in neonatal canine Purkinje fibers abnormal automaticity was more rapid than in the adult. Taken together, these results suggest that, irrespective of the type of tissue studied, pacemaker activity is more rapid in the neonate and more sensitive to propafenone. They also imply that there are developmental differences in pacemaker currents. It is also possible that these findings are, at least in part, the basis for the eficacy of propafenone in the treatment of junctional ectopic tachycardia in children (4) .
The inability of P-adrenergic blockade with atenolol to influ--.
ence the changes in functional parameters produced by propafenone, in particular automaticity, suggests that developmental differences in P-adrenergic receptor pharmacology were not responsible for the age-related differences in the effect of propafenone on automaticity.
The increase in action-potential duration of the N cell with rapid pacing has not to our knowledge been previously reported. Mendez and Moe (32) observed that very premature S2 responses of N cells were prolonged. The prolongation of N cell action potentials with rapid pacing may result exclusively from the passive properties of the AN-N junction. Alternatively, the kinetics of one or more of the plateau currents involved in repolarization may be responsible. Our results show that N cell actionpotential prolongation occurs with rapid steady-state pacing and that propafenone enhances this effect.
The findings of these experiments can be summarized as follows: 1 ) propafenone decreases automaticity in neonatal but not adult rabbit AVN preparations; 2) conduction time, Wenckebach interval, and refractory period changes, in response to increasing concentrations of propafenone, were identical for both age groups; 3) action-potential duration was increased in all AVN regions in both age groups; 4) V,,, and AP-Amp were decreased in the AN cell action potentials but not in the N cell action potentials; and 5) rate-dependent increases in N cell action-potential APDgO measurements are accentuated by propafenone.
